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a  b  s  t  r  a  c  t
The  freeze  gelcasting  of  hydrogenated  vegetable  oil-in-aqueous  alumina  slurry  (HVO-in-AAS)  emulsions
of  HVO  to AAS  volume  ratios  in  the  range  of  1.34–2.69  prepared  from  slurries  of  various  alumina  con-
centrations  were  studied  to prepare  macroporous  ceramics  of high  porosity.  The  compressive  strength
(20–150  kPa)  and  Young’s  modulus  (120–1550  kPa)  of  the  gelled  emulsion  bodies  increased  with  an
increase  in alumina  slurry  concentration  and  HVO  to AAS  volume  ratio.  Easy  HVO  removal  from  gelled
emulsion  bodies  by  extraction  at room  temperature  with  petroleum  ether,  a  less  toxic  solvent,  was
achieved.  The  highest  porosity  achieved  at a HVO  to  AAS  volume  ratio  of  2.69 increased  from 84 toorous alumina
mulsion
egetable oil
arrageenan
92.5%  when  the  alumina  concentrations  in  the  slurry  decreased  from  30 to 10 vol.%. The  cell  size and
cell  interconnectivity  of  the  ceramics  depended  on  the  alumina  slurry  concentration  and  HVO  to AAS
volume  ratio.  The  Young’s  modulus  of the  macroporous  ceramics  modelled  using  the  equation  proposed
by  Gibson  and  Ashby  showed  large  deviation  in  the model  parameters,  n and  C, from  the  proposed  values.
©  2015  The  Ceramic  Society  of  Japan  and  the Korean  Ceramic  Society.  Production  and  hosting  by
Elsevier  B.V.  All  rights  reserved.. Introduction
Processing of macroporous ceramics from colloidal suspension
f powders using suitable pore templates is well known [1–5]. Poly-
eric foams, fugitive solid particles and liquid droplets are used as
ore templates for the preparation of macroporous ceramics. In the
olymeric foam template method, a ceramic powder suspension
oated on the surfaces of the webs of polymer foam is dried, heat
reated to remove the polymer foam template and then sintered to
roduce the ceramic replica of the polymer foam [5–7]. This method
roduces highly porous reticulated ceramics. In the solid fugitive
emplate based method, fugitive particles such as carbon particles,
heat particles, polymer beads, rice particles, polymer short ﬁbres,
rystals of organic molecules, etc. incorporated in a ceramic pow-
er suspension are consolidated to produce the green body [8–16].
he fugitive particles in the green body assembly are subsequently
emoved by slow heating before sintering. The void space created
y the removal of the fugitive particle remains as pore in the sin-
ered ceramic. Though this method is quite simple and has very∗ Corresponding author. Tel.: +91 471 2568535; fax: +91 471 2568541.
E-mail address: kp2952002@gmail.com (K. Prabhakaran).
Peer review under responsibility of The Ceramic Society of Japan and the Korean
eramic Society.
ttp://dx.doi.org/10.1016/j.jascer.2015.05.007
187-0764 © 2015 The Ceramic Society of Japan and the Korean Ceramic Society. Producgood control over the pore size, it produces macroporous ceramics
having relatively low porosity. In the third method, immiscible liq-
uid (oil) droplets are dispersed in a ceramic precursor sol or ceramic
powder suspension using a suitable emulsifying agent to form an
emulsion [17–23]. The emulsion is then set by gelation of the sol or
ceramic powder suspension. The gelled emulsion body is dried, oil
removed and sintered to produce the macroporous ceramics. Use
of liquid droplet as pore template instead of fugitive solid particles
provides many advantages. Primarily, the uniform dispersion of the
immiscible liquid droplets in an aqueous slurry medium using an
emulsifying agent could be obtained by simple stirring. The pore
size could be manipulated by controlling the droplet size, which can
be obtained by adjusting the emulsifying agent concentration and
mixing speed. In addition, loading of liquid template even higher
than 74 vol.% of the emulsion could be possible. Such emulsions are
known as high internal phase emulsions [21]. This leads to macro-
porous ceramics with very high porosity and highly interconnected
pore structure compared to that obtained by fugitive solid particle
template method.
High alkane phase emulsions based on decane in aqueous alu-
mina powder suspension have been studied for the preparation of
macroporous ceramics [20–22]. In this, the emulsions cast in an
open mould could be removed from the mould only after partial or
complete drying. This limits the production rate. Recently, we have
demonstrated an emulsion template method for the preparation of
tion and hosting by Elsevier B.V. All rights reserved.
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acroporous alumina ceramics using hydrogenated vegetable oil
HVO) as the pore template [24]. In this method, emulsions are pre-
ared by stirring aqueous alumina powder suspension containing
arrageenan with HVO at 85 ◦C using sodium dodecyl sulphate as
n emulsifying agent. The emulsions cast in a mould undergo gela-
ion due to the solidiﬁcation of HVO and physical cross-linking of
arrageenan. The gelled emulsions could be immediately removed
rom the mould, which enhances the production rate. In addition,
elled emulsion bodies could be dried in open air atmosphere with-
ut any humidity control and the HVO in the dried bodies could be
emoved by soxhlet extraction with toluene. Moreover, unlike the
ydrocarbons, HVO is a nontoxic and natural renewable material.
owever, the use of toluene as solvent for HVO extraction creates
oncern as toluene is a toxic solvent. In this paper, we  have system-
tically studied the effect of alumina slurry concentration and HVO
o AAS volume ratio on the emulsion viscosity, strength of gelled
mulsion bodies and porosity, pore size and compressive strength
f the macroporous ceramics in addition to the fabrication of large
eramic bodies. Petroleum ether, a low toxic solvent, is used for
VO removal by extraction at room temperature. We  could achieve
 maximum porosity of 92.5% by this emulsion template method.
. Experimental
-Alumina powder (A16SG grade) of average particle size
.34 m and speciﬁc surface area 10.4 m2/g used was procured
rom ACC Alcoa, Kolkata, India. The food grade HVO (Dalda, Bunge
ndia Pvt. Ltd., India) procured from a local market has a melt-
ng range of 40–41 ◦C. Analytical reagent grade sodium dodecyl
ulphate (Merck India Ltd., Mumbai) and carrageenan (Sigma
ldrich, USA) were used as emulsifying agent and gelling agent,
espectively. A 35 wt.% aqueous ammonium poly(acrylate) solution
Darvan 821A, Vanderbilt Company Inc., Norwalk, CA) was  used as a
ispersant. Analytical reagent grade petroleum ether having a boil-
ng range of 60–80 ◦C used for HVO extraction was procured from
erck India Ltd., Mumbai. Distilled water was used for the prepara-
ion of the alumina powder suspensions. Analytical reagent grade
oluene used was procured from Merck India Ltd., Mumbai.
The procedure for the preparation of macroporous ceramics by
reeze gelcasting of HVO-in-AAS emulsions is shown as a ﬂowchart
n Fig. 1. Emulsions of various HVO to AAS volume ratios were
repared by mixing slurries of 10, 20 and 30 vol.% alumina concen-
ration containing carrageenan with the HVO using sodium dodecyl
ulphate emulsifying agent in a round bottom ﬂask at 85 ◦C for 1 h.
he concentration of carrageenan and sodium dodecyl sulphate
sed was 1.5 wt.% of water in the alumina slurry and 0.4 wt.% of
VO, respectively. The amount of ammonium poly(acrylate) dis-
ersant used was 1 wt.% of the alumina powder. The mixing was
one by mechanical stirring at a constant speed of 350 rpm. The
mulsions were cast in cylindrical glass moulds of 22 mm diame-
er and 50 mm length and then cooled by keeping in a refrigerator
t 5 ◦C for 30 min. The gelled emulsion bodies removed from the
oulds were dried at room temperature (∼30 ◦C) in an open air
tmosphere for 96 h. The dried emulsion bodies were immersed
n petroleum ether in a closed vessel at room temperature for the
emoval of HVO. 100 ml  petroleum ether was used for each gelled
mulsion body of 45 mm length and 22 mm diameter. The solvent
as renewed with a fresh one after every 4 h until the removal of
ore than 98% of the HVO. The HVO removed bodies were sintered
n an electrically heated furnace at 1550 ◦C for 2 h. The heating rate
sed was 2 ◦C/min up to 600 ◦C and then at 5 ◦C/min. Shrinkage
f the bodies during drying and sintering was obtained from the
nitial and ﬁnal dimensions. The porosity of the sintered ceramics
as calculated based on the density obtained from their weights
nd dimensions.Fig. 1. Flowchart of the emulsion gelcasting process.
The viscosity of the emulsions was measured at 85 ◦C using
a RVT model Brookﬁeld viscometer (Brookﬁeld Engineering Inc.,
Middleboro, MA)  with a small sample adapter and a cylindrical
spindle. A thermosel accessory along with the viscometer was used
for heating the emulsions during the viscosity measurements. The
microstructure of the sintered ceramics was observed on frac-
tured surfaces using a scanning electron microscope (SEM, Hitachi
S-2400, Hitachi High Technologies Corporation, Japan). The aver-
age pore size of the ceramics was  measured from the respective
microstructures with the help of ImageJ software.
The stress–strain measurement of the gelled emulsion bod-
ies was carried out using a universal testing machine (Instron
5500, Instron USA) at a loading rate of 5 mm/min. Emulsion
bodies removed from the mould were immediately used for
the stress–strain measurements. The diameter and length of the
cylindrical gelled emulsion bodies used for the stress–strain mea-
surement are 22 mm and 45 mm,  respectively. The compressive
strength and Young’s modulus are obtained from the stress–strain
graph. The compressive strength of the macroporous alumina
ceramics was  measured on cylindrical bodies of 18 mm diameter
and 36 mm  length using the same universal testing machine. The
loading rate used was 1 mm/min.
3. Results and discussion3.1. Rheological characterization of emulsions
The emulsions with low viscosity and yield stress are desirable
for casting in a mould for the preparation of macroporous ceramic
S. Vijayan et al. / Journal of Asian Ceramic Societies 3 (2015) 279–286 281
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emulsion bodies should have sufﬁcient strength to withstand theig. 2. Effect of composition on the viscosity of the emulsions measured at a shear
ate of 9.3 s−1.
odies. The viscosity of the emulsions at various HVO to AAS volume
atios prepared from 10, 20 and 30 vol.% alumina slurries measured
t a shear rate of 9.3 s−1 is shown in Fig. 2. The viscosity of the emul-
ions at particular HVO AAS volume ratio increases with an increase
n alumina slurry concentration. On the other hand, the emulsions
repared from slurry of a speciﬁed alumina concentration show a
radual increase in viscosity with an increase in HVO to AAS vol-
me  ratio up to 2.42. Further increase in HVO to AAS volume ratio
o 2.69 rapidly increases the emulsion viscosity. The viscosity of the
mulsions, prepared from aqueous slurries of alumina concentra-
ion in the range of 10–30 vol.% with HVO to AAS volume ratios in
he range of 1.34–2.69, is in the range of 0.225–2.07 Pa s.
There are three types of particle–particle Van der Waals inter-
ctions possible in HVO-in-AAS emulsions. They are (1) interaction
etween the alumina particles in the aqueous medium, (2) inter-
ction between the oil droplets and (3) interaction between the
lumina particles in the aqueous medium and the oil droplets
25–27]. The extent of these interactions increases with an increase
n particle concentration and a decrease in particle size. The
ncrease in viscosity with an increase in alumina concentration
nd HVO to AAS volume ratio is due to an increase in the
article–particle interactions. It appears that these interactions
each the maximum when the HVO to AAS volume ratio approaches
o the maximum possible value. Further, these particle–particle
nteractions inﬂuence the ﬂow behaviour and yield stress of the
mulsions. Fig. 3 shows the viscosity versus a shear rate plot of
he emulsions at the lowest and highest HVO to AAS volume ratios
repared from 10, 20 and 30 vol.% aqueous alumina slurries. The
Fig. 3. Viscosity versus shear rate plot of the emulsions.Fig. 4. Effect of composition on yield stress of the emulsions.
emulsions in general show shear thinning ﬂow behaviour. At a
particular HVO to AAS volume ratio the shear thinning character
increases with an increase in alumina slurry concentration. On the
other hand, the shear thinning character of the emulsions prepared
from slurry of a speciﬁed alumina concentration increases with an
increase in HVO to AAS volume ratio. The emulsions obey Casson
model [28]. The yield stress of the emulsions calculated from the
Casson model plotted as a function of alumina slurry concentration
and HVO to AAS volume ratio is shown in Fig. 4. The yield stress of
emulsions also increases with an increase in HVO to AAS volume
ratio and alumina slurry concentration. The yield stresses of the
emulsions observed are in the range of 0.3–10.3 Pa. The viscosity
and yield stress of the emulsions are low enough to cast them in a
mould for the preparation of gelled emulsion bodies.
3.2. Gel strength
The emulsions cast in a mould undergo gelation on cooling
due to the freezing of the HVO droplets and physical cross-linking
of the carrageenan present in the aqueous alumina slurry. One
of the major advantages of HVO-in-AAS emulsion over the high
alkane phase emulsion for the preparation of macroporous ceram-
ics is that the HVO-in-AAS emulsions cast in a mould could be
removed immediately after the gelation. This will increase the pro-
duction rate. For the successful removal from the mould, the gelledstresses during the mould removal [29]. Representative graphs
showing the stress–strain behaviour of gelled emulsion bodies are
shown in Fig. 5. The graphs show an initial linear portion followed
Fig. 5. Representative graphs showing the stress–strain behaviour of gelled emul-
sion bodies.
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Fig. 6. The effect of emulsion composition on the compressive strength (a) and
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Table 1
Compressive strength and Young’s modulus of gelled emulsion bodies calculated by
using rule of mixtures.
Alumina slurry
concentration (vol.%)
HVO to AAS
volume ratio
Compressive
strength (kPa)
Young’s
modulus (kPa)
10
1.34 173.21 5960.17
1.61 185.50 6413.22
1.88 195.48 6781.2
2.14 203.46 7075.37
2.42 210.71 7342.9
2.69 216.66 7562.25
20
1.34 172.65 5957.61
1.61 185 6410.93
1.88 195.02 6779.11
2.14 203.04 7073.46
2.42 210.33 7341.14
2.69 216.30 7560.62
30
1.34 171.84 5952.48
1.61 184.27 6406.33
1.88 194.37 6774.95
2.14 202.44 7069.64
2.42 209.77 7337.63
bodies indicates that more than 98% of HVO could be removed by
simply immersing the gelled emulsion bodies in petroleum etheroung’s modulus (b) of the gelled emulsion bodies.
y a yield point and a stress maximum. The maximum stress in the
tress–strain graph is taken as the compressive strength and the
lope of the linear portion is taken as the Young’s modulus. Fig. 6
hows the effect of HVO to AAS volume ratio and alumina slurry
oncentration on the compressive strength and Young’s modulus
f the gelled emulsion bodies. The compressive strength of the
elled emulsion bodies prepared from slurry of a speciﬁed alu-
ina concentration increases with an increase in the HVO to AAS
olume ratio. On the other hand, at a particular HVO to AAS vol-
me  ratio, compressive strength of the gelled emulsion bodies
ncreases with an increase in alumina slurry concentrations. The
oung’s modulus of the gelled emulsion bodies also shows the sim-
lar trends. The compressive strength (20–150 kPa) and Young’s
odulus (120–1550 kPa) are adequate for the mould removal
nd handling without any deformation of the gelled emulsion
odies.
The gelled emulsions can be considered as composites of solid
VO particles uniformly dispersed in a continuous matrix of gelled
lumina slurry. The strength of a composite depends on the stress
ransfer from the continuous matrix phase to the dispersed rein-
orcement. The matrix to reinforcement stress transfer depends
n the matrix–reinforcement interface [30]. The gels obtained by
ooling the aqueous alumina slurries containing the carrageenan
without HVO) showed relatively low compressive strength and
oung’s modulus. The compressive strength values obtained are
4, 12.7 and 10.8 kPa for slurries of alumina concentrations 10, 20
nd 30 vol.%, respectively. The corresponding Young’s modulus val-
es are 90, 84 and 72 kPa. On the other hand, the cylindrical bodies
repared by cooling the HVO in a glass mould show a relatively
igh compressive strength and Young’s modulus of 292 kPa and
0,340 kPa, respectively. The decrease in strength of gelled alumina
lurry with an increase in alumina concentration indicates that the
lumina particles interrupt the secondary interactions between the2.69 215.79 7557.37
carrageenan molecules which are responsible for the gel formation.
The compressive strength and Young’s modulus of gelled emulsions
calculated using the rule of mixtures from the corresponding values
of gelled alumina slurries and solidiﬁed HVO are given in Table 1.
The calculated compressive strength (175–215 kPa) and Young’s
modulus (5959–7556 kPa) of gelled emulsions bodies are very
much higher than that of the experimentally measured compres-
sive strength (20–150 kPa) and Young’s modulus (120–1550 kPa).
That is, in the mechanical behaviour of the gelled emulsion bod-
ies the characteristics of the gelled alumina slurry dominate rather
than that of the solidiﬁed HVO particles. This is due to the poor
stress transfer from the gelled alumina slurry matrix to the solid
HVO particles because of the weak gelled alumina slurry–solid HVO
particle interface. The increase in compressive strength of gelled
emulsions with an increase in alumina slurry concentrations is con-
trary to the observed trend in the compressive strength of the gelled
alumina slurries. This indicates that stress transfer from the gelled
alumina slurry matrix to the solid HVO particles increases with
an increase in alumina slurry concentration. The increase in stress
transfer can be due to the increase in roughness of the gelled slurry
surface with an increase in alumina concentration which makes
the gelled alumina slurry–solid HVO particle interface stronger by
mechanical interlocking [30].
3.3. HVO removal using petroleum ether
Removal of HVO from the dried gelled emulsion bodies by
soxhlet extraction using toluene is reported in our previous publi-
cation. However, the toxicity of toluene remains as a major concern.
Moreover, HVO removal requires a soxhlet extraction setup, which
adds complexity, especially in the case of large emulsion bodies.
We  have screened various low toxic solvents such as methanol,
ethanol, isopropanol, petroleum ether, etc. for the solubility of HVO
at room temperature. Among them the HVO has a high solubility in
petroleum ether at room temperature. The solubility is estimated
as nearly 65 g HVO in 100 ml  of petroleum ether at room tempera-
ture. Kinetic study on the removal of HVO from the dried emulsionat room temperature for 12 h (solvent is renewed in every 4 h). No
deformation was observed during HVO removal and subsequent
drying in ambient atmosphere at room temperature.
S. Vijayan et al. / Journal of Asian Cera
Fig. 7. Effect of emulsion composition on porosity of the macroporous alumina.
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3.4. Porosity and microstructure
Fig. 7 shows the effect of emulsion composition on porosity
of the macroporous alumina ceramics. The porosity of macropo-
rous alumina obtained from the emulsions prepared from aqueous
slurry of a speciﬁed alumina concentration increases with an
increase in HVO to AAS volume ratio. On the other hand, at particu-
lar HVO to AAS volume ratio, the porosity increases with a decrease
in alumina concentration in the aqueous slurry. This indicates that
the pores are due to the voids created by the removal of frozen
HVO droplets present in the gelled emulsion bodies. In the case
of macroporous alumina obtained from the emulsions prepared
from slurries of 10 and 20 vol.% alumina concentrations, the poros-
ity increase with HVO to AAS volume ratio is more or less linear
and slow. The porosities obtained are in the ranges of 87.14–92.5%
and 77.5–89.3% from the emulsions of HVO to AAS volume ratios
in the range of 1.34–2.69 prepared from aqueous slurries of 10 and
20 vol.% alumina concentrations, respectively. On the other hand,
 vol.%, 2.69; (c) 20 vol.%, 1.34; (d) 20 vol.%, 2.69; (e) 30 vol.%, 1.34; (f) 30 vol.%, 2.69.
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oig. 9. The effect of emulsion composition on pore size of the macroporous alumina
eramics.
acroporous alumina obtained from emulsions prepared from the
lurry of 30 vol.% alumina loading shows a rapid increase in poros-
ty from 70.7 to 79% when the HVO to AAS volume ratio increases
rom 1.34 to 1.88. Thereafter, the porosity increases slowly to 84%
hen the HVO to AAS volume ratio further increases to 2.69. Max-
mum porosity of the macroporous alumina ceramics obtained at
VO to AAS volume ratio of 2.69 increases from 84 to 92.5% when
he alumina slurry concentration decreases from 30 to 10 vol.%.
Fig. 8 shows the SEM photomicrographs of macroporous alu-
ina ceramics obtained from emulsions at HVO to AAS volume
atios of 1.34 and 2.69 prepared from aqueous slurries of alu-
ina concentrations 10, 20 and 30 vol.%. The macroporous alumina
hows open cellular structure. The cells are interconnected through
ircular pores. At a particular HVO to AAS volume ratio, the inter-
onnectivity of the cells decreases with an increase in concentration
f alumina in the aqueous slurry. On the other hand, at a spe-
iﬁc alumina slurry concentration the interconnectivity of the cells
ncreases with an increase in HVO to AAS volume ratio. At all the
lumina concentrations, the nearly spherical morphology of the
ells changes to polygonal morphology when the HVO to AAS vol-
me  ratio crosses 1.88. This is because the emulsion changes from
edium internal phase to high internal phase when the HVO to AAS
olume ratio crosses 1.88. A decrease in thickness of the strut and
ell wall is seen in the microstructure with a decrease in alumina
lurry concentration and an increase of HVO to AAS volume ratio.
The effect of alumina slurry concentration and HVO to AAS vol-
me  ratio on the average cell size of macroporous ceramics is shown
n Fig. 9. At all alumina slurry concentrations, the average cell size
f the macroporous alumina ceramics decreases with an increase
n HVO to AAS volume ratio up to 1.88 and then increases when the
VO to AAS volume ratio is increased to 2.1. The pore size remains
ore or less constant or shows a marginal decrease with a further
ncrease in the HVO to AAS volume ratio. It is interesting to note
hat the shift in the trend of pore size change is observed when
he emulsion composition changes from medium internal phase
o high internal phase. On the other hand, at a ﬁxed HVO to AAS
olume ratio, the macroporous alumina ceramics obtained from
he emulsions prepared at slurries of lower alumina concentra-
ion showed higher average cell size. The average cell size range
20–8 m)  obtained by this method is much lower than that of
acroporous ceramics obtained by most of the polymer foam tem-
late methods and foaming of powder suspensions [4,5,31–33]. It is
ell known that the liquid emulsion droplets undergo coalescence
uring ageing due to Ostwald ripening resulting in their growth. It
ppears that the freezing of the HVO droplets prevents their growth
y Ostwald ripening during the drying of emulsions. This is the rea-
on for the relatively low cell size and narrow cell size distribution
btained in the present method.Fig. 10. The effect of HVO to AAS volume ratio and AAS concentration on the (a)
compressive strength and (b) Young’s modulus of macroporous alumina.
The increase in porosity with an increase in HVO to AAS volume
ratio is due to the increase in volume fraction of the pore tem-
plate. The increase in porosity with a decrease in alumina slurry
concentration can be explained as follows. The gelled emulsion can
be considered as solid HVO particles embedded in close packed
shells of gelled alumina slurries. The gelled alumina slurry under-
goes large shrinkage whereas the HVO particles undergo negligible
shrinkage during the drying of the gelled emulsions. The drying
shrinkage, of the gelled alumina slurries, increases with a decrease
in alumina concentration. In addition, the struts and cell walls of
dried and oil removed gelled emulsion bodies obtained at lower
alumina concentration contain loosely packed alumina particles.
These loosely packed cell walls and struts undergo large shrinkage
during sintering. This large shrinkage of the struts and cell walls
at lower alumina slurry concentrations resulted in widening of the
cells. This resulted in an increase in cell size with the decrease of
alumina slurry concentrations (Fig. 9) even if there is no change in
the size of oil droplets.
3.5. Compressive strength of the macroporous alumina ceramics
Compressive strength of macroporous brittle solids depends
on the porosity, pore size, pore interconnectivity and thickness of
the cell wall and strut [33–36]. In general, compressive strength
decreases with an increase of porosity and decrease of cell size.
In addition, macroporous ceramics with higher thickness of the
cell walls and strut and lower cell interconnectivity show higher
compressive strength. The effect of HVO to AAS volume ratio and
AAS concentration on the compressive strength and Young’s mod-
ulus of macroporous alumina ceramics is shown in Fig. 10. The
compressive strength of the macroporous alumina ceramics lin-
early and rapidly decreases from 39.6 to 6.5 MPa  when the porosity
S. Vijayan et al. / Journal of Asian Ceramic Societies 3 (2015) 279–286 285
Table  2
Values of model constants C, n and correlation coefﬁcient R2.
Alumina slurry concentration (vol.%) Compressive strength Young’s modulus
n C R2 n C R2
10 3.25 1.346 
20  3.47 1.546 
30  2.99 0.624
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vFig. 11. Log–log plots of (a) /0 against /0 and (b) E/E0 against /0.
ncreases from 70. 7 to 84%. A remarkable shift in the slope of
he porosity-compressive strength graph is observed beyond the
orosity of 84%. That is, the compressive strength slowly decreases
rom 6.5 to 2.74 MPa  when the porosity increases from 84 to 92.5%.
t is interesting to note that the macroporous alumina ceramics
f similar porosities obtained from slurries of different alumina
oncentrations show more or less same compressive strength. The
oung’s modulus of the macroporous alumina ceramics also shows
he similar trend with porosity. The Young’ modulus decreases from
350 MPa  to 350 MPa  when the porosity increases from 70.7 to
4%. Further increase of porosity to 92.5% decreases the Young’s
odulus to 64.5 MPa.
The Young’s modulus of brittle open cellular solids is best mod-
lled using the following equations proposed by Gibson and Ashby
34]
E
E0
= C
(

0
)n
(1)
here E0 and E are the Young’s modulii of the fully dense solid and
pen cellular solid, respectively. The C and n are constants depend-
ng on the pore geometry and microstructure. Verma et al. used
imilar equations to model the compressive strength of open cellu-
ar ceramics [35]. The plots of ln(/0) versus ln(/0) and ln(E/E0)
ersus ln(/0) are shown in Fig. 11. The model plots are generated0.732 2.37 0.07 0.943
0.935 2.91 0.2 0.967
0.933 3.02 0.269 0.848
by considering the strength (0) and Young’s modulus (E0) of fully
dense alumina ceramic as 3 GPa and 416 GPa, respectively [37]. The
values of model constants C and n as well as the correlation coef-
ﬁcient R2 are given in Table 2. The correlation coefﬁcient close to
one indicates a high degree of matching between the experimental
results with the model graph. The compressive strength data show
higher correlation coefﬁcients of 0.933 and 0.935 at 20 and 30 vol.%
alumina slurry concentrations, respectively. On  the other hand, the
Young’s modulus data show higher correlation coefﬁcients of 0.943
and 0.967 at 10 and 20 vol.% alumina slurry concentrations, respec-
tively. The values of C and n for the relation between E/E0 and /0
are expected to be ∼1 and ∼2, respectively, for brittle open cellular
foams with a cubic array of cells [34,35,38]. However, the ‘n’ values
obtained in the present case are nearly 3. The Gibson and Ashby
model is based on a completely interconnected foam with array of
cubic cells of uniform size. The foams obtained in the present case
have spherical cells, which are partially connected through circu-
lar pores. The deviation in the ‘n’ values is due to the deviation in
the microstructure of the foam. The deviation in the values of C
and n from that theoretically proposed by Gibson and Ashby is also
attributed to the observed cell size distribution and the presence of
residual pores in the cell walls and struts.
4. Conclusion
The HVO-in-AAS emulsions show an increase in viscosity
(0.225–2.07 Pa s) and yield stress (0.3–10.3 Pa) with an increase
in HVO to AAS volume ratio and alumina concentration in the
AAS. Compressive strength (20–150 kPa) and Young’s modulus
(120–1550 kPa) of the gelled emulsions increased with an increase
in HVO to AAS volume ratio and an increase in AAS concentra-
tions. The compressive strength and Young’s modulus values were
adequate for resisting the deformation of gelled emulsion bodies
during mould removal and further handling. Room temperature
extraction with a relatively less toxic solvent, petroleum ether, is
used for HVO removal. The maximum porosity of the macroporous
alumina ceramics obtained at a HVO to AAS volume ratio of 2.69
increases from 84 to 92.5% when the alumina slurry concentration
decreases from 30 to 10 vol.%. The Young’s modulus values ﬁtted
with the model equation proposed by Gibson and Ashby showed
large deviation in the model parameters, n and C, from the proposed
values.
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